The need for a High Reynolds Number Transonic Wind Tunnel (HIRT) has been recognized throughout the industry for some years. The proposed HIRT facility at Arnold Engineering Development Center will provide a much needed tool for the study of phenomena sensitive to Reynolds number.
The usefulness of the HIRT facility will be largely influenced by the ability of industry to design and build wind-tunnel models and internal strain gage balances capable balances are defined as 6-component balances with normal force divided by diameter squared equal to 1,700 lb/in. 2
The study concluded that high capacity balances suitable for use in the HIRT facility can be built at reasonable cost using presentday technology and materials without seriously degrading balance accuracy due to high capacity.
However, further study of balances less than 3 inches in diameter is necessary.
In this size range higher load capability is desirable, and alternate design concepts may prove more advantageous. The objective of this study was to perform a preliminary design analysis on a family of high-capacity balances specifically to meet the demanding environmental conditions of the HIRT facility. The balance diametersselected for study are 1-1/2, 2-1/2, .
-o 3-1/2, and 4-1/2 inches. Section III reviews the balance design parameters; parttcularly materials, safety factors, bridge outputs, and gage stresses. Section IV illustrates the selected balance and outlines the reasons for selecting the two-shell concept.
Balance design study results are discussed in Section V and include:
a. Load ratios in terms of normal force.
b. Balance diameter versus load.
c. Load rhombuses.
Basic structural analyses, deflections, gage stresses and component output calculations are presented in Section VI. The balance-to-sting joint concepts are analyzed and compared in Section VII.
In Section VIII, balance cost estimates are given on the basis of comparisons between high capacity balances for the HIRT facility, and existing transonic wind tunnel facilities.
Since accuracy of the balance is of prime importance, Section IX reviews probable accuracies to be expected from these balances. Also a general discussion is presented of accuracy degradation as data points of less than full capacity loads are recorded.
Conclusions are presented in Section X.
*Since completion of this report by Convair, a final decision was made not to construct the HIRT at AEDC in favor of a continuous cryogenic wind tunnel, site as yet undetermined.
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SECTION II PROGRAM ORGANIZATION
The design of a family of six-component internal strain gage balances for the HIRT facility was conducted by a program team established within the research and engineering department of Convair Aerospace division of General Dynamics.
The program operations chart, Figure 1 , illustrates the flow of information from the various technical groups, through design, to the final report. This design study of high-capacity internal strain gage balances for a HIRT facility is based on present-day technology and materials. The objective of this study was to select an existing balance design concept and to optimize it for use in the HIRT facility.
AERODYNAMICS
BALANCE TYPE
The internal strain gage balances discussed here are preliminary designs of the General Dynamics two-shell concept. This balance concept can be briefly described as two separate concentric cylindricalshells connected by strain gaged flexnrcs. The cuter shell is generally attached to the model and the inner shell is attached to the tunnel support. Therefore all model loads pass through the gaged fle~mres.
MATERIAI~
A high tensile yield stress 18Ni-300 grade maraging steel is used as a baseline material for stress, deflection, and cost analysis of these balances (Reference 1). A Karma alloy strain gage, not previously used on balances at Ge_n_er~ Dynamics Convair Aerospace division, is used as the basic strain gage in all discussions of gage stress and gage fatigue life (see paragraph 3.5).
LOADS AND SAFETY FACTOI~
All balance loads are such that a safety factor of 2.00 on yield is maintained on the balances under tl~e simultaneous application of combined loads, as defined by the load ratios in Section V, Table 2 .
BPJDGE OUTPUTS
Pitching moment, normal force, and axial force are of primary concern,with respect to accuracy. The other three components (side force_,_ _yawing moment, and rolling moment) are less critical. Therefore, to allow more flexibility in the design of the balances, the following desired bridge outputs, with 6 volts input, are established: The significant increase in gage stress allowed by use of the Karma gage gives the designer the freedom to design the balance to a higher working stress. Available higher strength materials can now be used to their full allowables, with safety factors of 2.00 on yield.
SECTION IV
BASIC DESIGN PHILOSOPHY
The selected internal strain gaged balance design is a logical candidate for the family of balances required for the HIRT facility. The balance geometry is presented in Figure 2 ; a photo of the C-120-2.50-A balance is shown in Figure 3 . The following discussion develops the design parameters noted in Section HI.
BALANCE CONCEPT
The two-shell balance concept has a number of significant advantages inherent in its design. For example:
a. Its high stiffness alleviates the problem of model/sting clearance and also provides a relatively high natural frequency.
The design is very versatile in that provisions can be made to incorporate a passage through the balance center.
Failure of the balance flexures proves to be noncatastrophic to the model.
The load ratios of a typical HIRT model best lend themselves to a two-shell balance (in particular, the high side force and yawing moment).
b.
C.
d.
In each of these points the two-shell design has a definite advantage over the beam balance. The beam balance on the other hand, has the following advantages:
a. Higher load capabilities at the smaller diameters.
b. Balance cost is approximately 15 percent less.
General Dynamics Convair Aerospace division has two-shell data collected over the past ten years. The single gage process, which has been developed to determine minimum interaction bridges, also provides a backlog of stress information on which to base this study.
The two-shell balance has been an important instrument in the General Dynamics wind tunnel balance inventory. The single gaging process has been performed on more than 20 of these balances. Past studies of this data have led to the development of equations that accurately predict the stresses of this indeterminant structure.
MATERIAL SELECTION
The baseline metal chosen for the balance family is 18-Ni 300 grade double maraging steel. Material properties, shown in in various sizes and shapes, and ease of fabrication. It is noted that other new materials may be developed that will have improved properties. Therefore, potential balance materials should be reviewed as they appear on the market.
Strain gages are as important to the balance as the material. Working stresses of the high-strength 18-Ni 300 grade steel are very high. This fact combined with the low safety factors allowed in a HIlqT facility mean that the strain gages must operate for all combined loads at higher gage stresses to make full use of the material working stresses. Certain design techniques can be used to take advantage of some of the working stress without substantially increasing the gage stresses. However, the most advantageous way to use the material working stress is to use a higher gage stress. In order to use this higher gage stress, it is important to examine the properties of the strain gages at higher stress levels.
The Constantan gages at General Dynamics are used where the maximum gage stress for combined loads is designed for 55,000 psi. With the need for higher working gage stresses, it was necessary to examine the available strain gages to find a type possessing better properties at the higher stress level without sacrificing the other qualities. The Karma alloy strain gage is therefore recommended. 
G (106psi) 10.2
Charpy V-notch (ft-lb) 17
Weldability Good Availability (bar, plate, or billets) Good
The Karma gage has high fatigue life together with the properties required for balances. Figure 4 illustrates the advantage of Karma gages over Constantan gages. The fatigue life curves provide a direct comparison with the Karma gage, showing an improved fatigue life at a higher strain level. This substantlal gain becomes very important when fatigue life is used as the criteria for allowable gage stress. The allowable stress level for Karma gages is established here as that which provides the same fatigue life expectancy without zero shifts, as with the Constantan gages used in standard practice today.
The Constantan gage design stress level is:
The equivalent strain level is:
55,000 -2,000 microinch/inch Ct c = 27,000,000
The fatigue life at this strain level is approximately 103 cycles (Reference 2). Karma gage strain level for equivalent fatigue life is:
The Ctk = 3,040 microinch/inch This corresponds to the design gage stress of: 3,040 ftk = (27,000,000) = 82,000psi
1,000,000
Zero compensation and modulus compensation of balance bridges will remain a requirement in the HII~T facility. Runs will be of short duration and temperature changes on the balances during runs will not be significant, but runs will occur at varying tunnel charge temperatures. With compensation for modulus and zero changes over temperature variations between -30°F and 70°F (the operating range of the tunnel), the balance calibration can be performed at room temperature and still be valid over the tunnel operating range.
Karma gages can be compensated for modulus and zero shifts. Figure 5 supports this contention by showing gage characteristics as temperature varies. Important to zero compensation is the change in apparent microstrain over the temperature range desired. As shown in Figure 5 , the shifts in microstrain of the Karma gages are not significantly larger than those of the Constantan gages over the HIRT facility temperature range.
The important contribution to modulus compensation is gage factor. Gage factor is a nondimensional value proportional to the gage sensitivity. Of primary interest is that the variation of gage factor with temperature have a constant slope ( Figure 5 ). This is true for both gages; thus the Karma gage can also be modulus compensated.
2. Standard Gage Selection Chart, Micro-Measurements, Vishay Intertechnology, Inc., Gage Catalog. The disadvantage of using Karma gages is that installation costs are greater than those for Constantan gages.
SAFETY FACTORS
In many of today's wind tunnels it is standard practice to design the balance flexures for a factor of 2.00 on the yield stress. For the HIRT facility it is suggested that this criteria also be used and possibly extended to the entire two-shell balance.
The two-shell balance has three areas of potential critical stress. They are the webs, ears, and the inner rod (Figure 2 ).
From Figure 2 it can be seen that, sb~ld failure of the webs or ears occur, the remainde]~ of the balance will remain intact; therefore failure will be noncatastrophic to the model and tunnel. However, failure of the inner rod would result in loss of the model. This is highly unlikely, because analysis of the inner rod (a tube) is conservative in that it does not include a form factor. It should also be noted that loss of a model will not cause catastrophic damage to the tunnel; the Ludwieg tube design has no turbine/fan within the tunnel circuit.
For the above reasons, a safety factor of 2.00 on yield for all combined loads is considered to be a reasonable des tgn criteria. 
SECTION V BALANCE LOAD CAPACITIES
The balance load capacities for the 1-1/2, 2-1/2, 3-1/2, and 4-1/2-inch diameter balances are given in Table 2 . These load ratios are similar to those of balances in use today and proved to be typical of the requirements of HIRT facility balances. It is noted tbat the safety factor of the balances is based on all combined loads applied simultaneously. However, the maximum normal force and maximum pitching moment (as well as the maximum side force and maximum yawing moment) can only be applied separately unless applied as in Figure 6 , a typical balance load rhombus. Several examples of allowable normal force/pitching moment combinations are shown below. By examining the load rhombus ( Figure 6 ) it is seen that the maximum normal force allowed on the balance occurs when the pitching moment is zero. Therefore, the placement of the balance moment center (BMC) is very important. By correctly positioning the balance, maximum use of the balance load capacities is attained. Another point for consideration is that, in repositioning the BMC for various runs of the test, more data points will generally be possible. This concept of varying BMC location can be used to attain higher normal force for given runs, thus allowing for more test points. Figure 7 is a graphic representation of the balance capacity (in terms of normal force) as a function of balance diameter. The combined load capability (i.e., the capability with all loads applied simultaneously) curve shown is based on a safety factor of 2.00 on yield with the material at room temperature for all combined loads.
As balances are unlikely to experience full load applied in all components simultaneously, the "specified load capability" curve was added to Figure 7 . It gives an example of increased capacity in selected components while eliminating others. This is a practical example where model yaw and roll are not in the test plan. In such cases normal force, pitching moment, and axial force capabilities can be increased significantly. The results of this analysis are clearly illustrated in Figure 7 , Normal Force Capacity versus Balance Diameter, Figure 8 , Load Rhombus, and Table 3 , Balance Load Capacities.
AEDC-TR-75-63 Substantial increases in NF/PM are realized as shown in Table 3 , varying from an increase of 37 percent for the 4.50-inch-diameter balance to 87 percent for the 1.50-inch-diameter balance. Each balance is stressed for the specified loading conditions in Section VI. These stress analyses show that the webs are critical for the 1.50-and 2.50-inch-diameter balances, the ears are critical for the 3.50-inch-diameter balance, and the inner rod and ears are critical for the 4.50-inch-diameter balance with these specified loads. Thus care must be taken in determining specialized loads to be sure that no part of the balance is overloaded. For comparison, reference information from other studies is included in Figure 7 . The two shell balances prove to be better than the projected future capabilities (defined as 1,700 NF/D 2 and the definition of high capacity) of previous studies when the balance diameter is greater than 3.00 inches, but drop below the present maximum capability curve when the balance diameter is less than 2.00 inches. Since it is likely that the HIRT facility balances will be larger than 2.00 inches in diameter, the two-shell balance" appears to be a strong candidate as the primary HIRT facility balance.
The two-shell balance design has an inherent design advantage. A hole through the balance, center can be provided for such items as instrumentation leads, air supply lines, or instrumentation packages. This advantage can be achieved without large load capacity losses as long as the center hole does not exceed 50 percent of the balance diameter. Figure 9 shows the effect of balance inside diameter on balance load capacity. The two-shell balance has proved to be a versatile design. A 18-Ni 300 grade maraging steel is used as a baseline material. A table of its properties is presented in Section IV, Table 1. The analyses are based on room temperature (300°K). The summary of balance data is presented in Figure 7 , Section V, as a curve of normal force capacity versus balance diameter.
BALANCE STRESSES
The loads for each of the balances are presented in Table 2 , Section V. A summary of safety factors on the balance is presented in Table 4 .
Web Stress Calculations
By using compatibility equations of translational and rotational equilibrium along with the static equations of equilibrium of force and moment, the web stresses can be determined. Table 5 presents a summary of web stresses for each of the balances. The values are determined from the following systems of equations. a. Summation of forces equals zero (3 axes).
b. Summation of moments equals zero (3 axes). c. Compatibility of translation of all parts (3 axes). do Compatibility of rotation of all parts (3 axes).
These equations nearly match the experimental data collected over the past ten years. Adjustments have been made to the analytical equations to more closely match the experimental data. Research is contir~ing in this area to perfect the analysis. The equations are programmed at General Dynamics Convair Aerospace Division, San Diego operation, on the High Speed Wind Tunnel 1830 computer. 
10.2
Note: All safct~ factors are b~sed on 280.000 psi tensde yield stress and 170.000 psi shear stress. 
6.1o2 Ear Stresses
The analysis of the two-shell balance ears is best illustrated by referring to Figure  2 . It is shown that all loads in the webs must pass through the ears. The ear root is the critical section of the ear. Table 6 is a summary of the ear stresses of the designed balances.
Inner Rod Stresses
The critical section of the inner rod is Section D-D of Figure 2 . Table 7 is a summary of the inner rod stresses. 
Brazed Joint Stresses
The b~ilance brazed joints are assumed to be simple socket joints with no braze. Using this conservative assumption, the joint is analyzed using a method given in the General Dynamics Convair Aerospace division Experimental Aerodynamics Design Manual, dated April 14, 1958. A summary of the analysis is presented in Table 8 . This table shows that the brazed joint is not critical.
Balance-to-Model Pins
Assuming that the balance-to-model pins are made of materials with 170,000 psi ultimate shear stress, and that two model pins are used (top and bottom), a summary of the analysis is presented in Table 9 . 
BRIDGE OUTPUTS
The bridge outputs of each component of the balance are given in Table 10 . These outputs are determined assuming the gage factor of the strain gages to be 2.08. 3.50 in. dia. Table 11 is a summary of these estimates both in terms of full capacity force and moment and in terms of unit force and moment.
BALANCE GAGE STRESS
The maximum gage stress for each of the balances is presented in Table 12 . This stress will occur only under simultaneous application of all loads for the selected load condition. The single-gage process used at General Dynamics is a form of proofloading to verify web and gage stress. The 1.50-and 2.50-inch-diameter balances require special care when selecting gages for the bridges, since some potentially usable gages will have stresses larger than desirable. For these balances, gages with lower stresses will be chosen to complete the bridges. Sometimes this will increase interactions, but the accuracy can be retained through calibration. The desirable gage stress for Karma gages is below 82,000 psi since the fatigue life falls below 4 x 104 cycles above it. 
BALANCE-TO-STING JOINT
Two balance-to-sting joint concepts were analyzed. The clutch face joint is shown to be larger in overall diameter for a given load condition than the taper joint; however, the taper joint is longer. The balance-to-sting attachment is designed using both concepts for a direct comparison.
CLUTCH FACE JOINT
The analysis of the clutch face joint shown in Figure 10 for the 3.50-inch-diameter balance designed in this study is given below. The selected specified loading condition is considered to be the most critical. The analysis of the taper joint shown in Figure 11 for the 3.50-inch-diameter balance is given below. As for the clutch face joint, the selected specified loading condition is considered the most critical.
Check of bending at Section
Check of bending at Section D-D: -"-=
COMPARISON OF BALANCE-TO-STING JOINTS
The clutch face joint designed for the 3.50-inch-diameter balance is shown to be 3. 500 inches in diameter for a safety factor of 2. 828 on the collar, assuming that the clutch faces are not precompressed. This is unrealistic since a tight joint is needed. Therefore, to precompress the clutch faces, the collar will have a tensile stress equal to the prestress of the clutch faces. This will decrease the collar safety factor.
The taper joint of the 3.50-inch-diameter balance has been shown to be 3.000 inches in diameter for a safety factor of 2. 157 on the sting.
The taper joint appears to have a clear advantage over the dutch face joint since a • truly tight joint is achieved with a 0. 50 inch smaller 3. 00-inch-diameter joint.
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SECTION IX ESTIMATE OF BALANCE ACCURACY
While there will likely be some degradation of accuracy for the proposed high capacity (HIRT) balances as compared with present-day low load balances, it is felt that considerable improvements can be made over the accuracies achieved with prototype high capacity balances. Table 13 summarizes the accuracies of three existing two-shell balances. One is a comparatively low load balance (C-20-2.50-D) and the other two (C-18-1.50-C and C-120-2.50-A) are prototype high capacity balances. These balances have each gone through an eleven station calibration in the normal force and side force planes. While the multi-station calibration indicates larger standarddeviation errors than a three station calibration, the final result is a more accurate set of balance constants since any induced error not caused by the balance will tend to be averaged out. Also the standard deviations derived from multi-station loadings are a good indication of balance accuracy. General Dynamics has developed practical experience in the field of high capacity balances. Two proto-type designs of interest are the C-18-1.50-C and C-120-2.50-A two-shell balances. Table 13 gives the first standard deviation data of the C-18-1.50-C and the C-120-2.50-A. Although neither balance was designed for the maximum load possible from its diameter, they approach the Combined Load Capability curve in Figure 7 .
When reviewing the first standard deviation data of these proto-type high capacity balances the principal errors occur in axial force from loading rolling moment, norreal force, and side force. A possible source for this error can be seen from the single gage readings of the individual axial force gages. In most cases the stress level under the axial force gages due to interactions is greater than the stress caused by the axial force loading itself. The proposed HIRT bal3nces, however, are designed such that the axial force gages experience higher stresses for axial force loadings and less stress for the interaction loadings. This will improve the balance accuracy of axial force when loading interactions.
Other possible ways to improve the standard deviation is to review the calibration methods. In particular, the mechanical advantage overhead beam used when calibrating the C-120-2.50-A balance may have induced some axial force to the balance. In addition problems with the calibration equipment have subsequently been revealed.
Existing precision calibration rigs in the United States do not have the capacity for full calibration of the HIRT balances. The only recourse is to load the balance to maximum rig capability and extrapolate the data to full balance loads. This would induce error in the balance constants. Therefore when balances with capacities larger than 1500_0 pounds are fabricated careful consideration must be given to the calibration of the balances.
From all indications the expected accuracy of the HIRT balances proposed here will be 0.30 to 0.40 percent of full-scale axial force for rolling moment, normal force, and side force loadings. This estimated accuracy is not as good as the present-day transonic-tunnel balance but is better than the prototype high capacity balances.
SECTION X CONCLUSIONS
The results of this study indicate that six-component internal strain gage balances can be developed for testing in the proposed HIRT facility using contemporary materials and fabrication techniques.
The two-shell balance concept is the chosen baseline. The chief advantages of this type of balance are high stiffness, failsafe features, and the versatility of design provided by the hole through the balance center. Although the two-shell balance has these advantages, some restrictions have arisen in using it as the baseline design. For diameters below 3.00 inches, the two-shell does not meet the defined requirement (NF/D 2 = 1,700 psi) of high-capacity balances.
The baseline material selected for the HIRT facility is 18-Ni 300 grade double maraging steel. Past experience has shown this material to meet balance' requirements.
Karma strain gages are proposed for HIRT as the gage type because of the improved fatigue life over the Constantan gage (the standard of the industry). With these gages, the designer can make better use of the high-strength steels and therefore develop higher load capacity balances.
While there will be degradation of accuracy in the proposed balances as compared with present-day low load balances, it is felt that this degradation can be minimized with further experience with high-capacity balances. Also the degradation in accuracy when data points less than full scale are taken will remain the same as for the present-day balances.
In some cases where the test schedule is limited by the balance load capacity, it has been shown that there are two possible ways to increase the effective balance capacity. First, the balance can be moved in the model to reduce the balance pitching moment and thus increase the normal force allowable. Secondly, in tests where side force, yawing moment, and roiling moment are less than maximum, the normal force, pitching moment, and axial force allowables can be proportionally increased.
Calibration of the HIRT balances will produce new problems. Certainly, new calibration equipment (and possibly new methods) will be required, both in the calibration area ~nd within the tunnel for check calibrations. Large balance loads will make automatic loading a necessity.
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Consideration should also be given to protecting the balance from the tunnel environment. By controlling the local conditions balance accuracies can be maintained because:
a. The material properties will allow higher balance loads.
b. The chance of balance errors from transient temperature conditions due to air Mowing across gage locations v~_I1 be greatly reduced.
c. Special procedures needed to prevent wires from disengaging due to air blowing through the balance could be eliminated.
d. The possible pressure on the strain gages is eliminated.
The need for inertial compensation is a problem that also needs careful consideration.
It appears that some model/balance/sting/tunnel support systems may not require inertial compensation. It may be that other systems need inertial compensation only when certain pitch/pause rates are exceeded.
The balance/sting joints presented in this study are tapers. A review of clutch face designs shows a disadvantage in the joint diameter size.
It is estimated th~ the basic balance cost will be approximately 20 percent higher excluding any additional costs for inertial compensation that may be required. ~in./in.
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Microstrain
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